Block anchor is an interface element used to restrain horizontal movement of structures. This paper investigates the effect of moisture conditions (or degree of saturation) on the pullout capacity of block anchor embedded in sand at three different moisture conditions. The approach taken consists of experimental work, and analytical calculation. The experimental work is pullout tests, made in the laboratory, on 0.15 x 0.15 x 0.15m concrete block anchors embedded in sand, at a depth of 0.15m. The sand is deposited in a 1.2 x 0.6 x 0.8m box using a pluviation method to ensure a uniform and reproducible density. Materials used were characterized to find their properties, and the equipments used were calibrated before usage. The load and the corresponding horizontal and vertical displacements were recorded. In addition, visual observations were made on the failed soil body. The experimental results are compared with the analytical calculations (by Rankine, Coulomb, and log spiral theories). The 3-D effect was also considered.
INTRODUCTION
Lateral earth pressure is a significant parameter in soil-structure-interaction problems involving underground substructures embedded in the soil body, such as anchors. Anchors are interface elements between the ground and structures, and are used to stabilize earth structures by constraining displacement or movement. They transfer forces in a given direction from the structure to the ground (soil or rock). Anchor types include: anchor plates and beams (deadman), tie backs, vertical anchors, anchor beams supported by batter piles, and block anchors. Block anchor is a cast-in-place or pre-cast concrete member that may be square or rectangular in section with the necessary length to develop adequate passive resistance, Bowles (1997) . They are specially designed to withstand pullout or thrust forces.
Review of literature reveals that many research studies have been conducted on the capacity of vertical anchor. Many studies were found to study anchor plate, including Hueckel (1957) , Ovesen and Stromann (1972) , Neely, et al. (1973) , Das (1975) , Akinmusuru (1978) , Dickin and Leung (1983) , and Ghaly (1997) . But only few studies were found for block anchor, Bowles (1997) and Duncan and Mokwa (2001) . Eleven researches were lab experimental works, one was a review work, and one was field experimental work. This paper investigates the pullout capacity of block anchors embedded in sand using small scale laboratory models, with three different moisture conditions of the soil (dry, saturated, and saturated-then-gravity-drained). Experimental results are compared with those from analytical analyses.
THEORETICAL ANALYSIS

Theories of lateral earth pressure
There are three well-known analytical theories dealing with the passive earth pressures, namely: Rankine theory (smooth structure), Coulomb theory (rough structure), and Log spiral theory (curved failure surface). The theoretical value of lateral earth pressure is dependent on the theories used and on the assumptions made relative to the nature of the structure, the soil, and the soil-structure interface. Figure 1 shows a cross section of a short anchor block embedded in sand, with all forces acting on it and with friction considered. For an anchor block with the dimensions: width (B), depth (h), thickness (t), depth of embedment below soil surface (d), and the distance from the upper edge of the anchor to the pulling load (z); the forces are as follows: u P = ultimate pullout capacity of the block anchor embedded in sand, The passive and active forces (P p and P a ) are inclined by p and a , respectively to the normal-to-the-surface of the block side, where, p is the angle of friction between soil and passive side surface of the block, and a is the angle of friction between soil and active side surface of the block. The horizontal components of the passive and active forces (P p,h and P a,h ) are: P p,h = P p * cos p ,and P a,h = P a * cos a .
Forces acting on anchor block
The vertical components of the passive and active forces (P p,v and P a,v ) are the effective friction forces ( p F and a F ) at the passive and active side surfaces of the block anchor, respectively, and they are: P p,v = P p * sin p , and P a,v = P a * sin a .
Friction between Soil and Structure ( )
Coulomb's theory considers friction between the soil and the structure. Notice that this friction is between the soil and the vertical sides of the structure. The angle of friction between soil and structure is . Considering the value, Coulomb's theory gives a higher value of passive pressure and a lower value of active pressure as compared to Rankine's theory, which likely produces overestimation (conservative), Bowles (1997) .
As an approximation, Singh (1967) suggested the following values for : (1) = 1/3 for smooth structure (wall), (2) = 2/3 for ordinary retaining wall, (3) = 3/4
for rough walls with well-drained backfill, and (4) = 0 when the backfill is subjected to vibrations, where is the effective angle of internal friction of the soil. The range of values of between fine sand and concrete is 15-25º, Bowles (1997) and Das (1995) . All values of suggested above are for the maximum value ( max ).
The actual value is the mobilized friction angle ( mobilized ), which is less than the corresponding maximum value. The value of mobilized is governed by the following factors: a. Maximum possible value of the friction ( max ), which depends on the roughness of the interface and the properties of the soil. b. Relative shear displacement along the interface; which mobilize the interface friction. c. Vertical equilibrium of the forces acting on the structure. d. Weight of the anchor (light vs. heavy).
The angles for the horizontal friction t and b are taken to be equal to max , and the angles for the vertical friction p and a are taken to be equal to mobilized . Notice that Ovesen and Stromann (1972) considered a to be equal to the angle of internal friction of the soil ( ).
The mobilized friction angle ( mobilized ) can be found from the equilibrium of forces acting on the block shown in Figure 1 . For light-weight anchor, the vertical components of the passive and active forces (P p,v -P a,v ) is greater than the weight of the block and the soil above it (W b + W s ), and therefore slip does not occur on the interface between the block and the soil. This condition causes uplift of the anchor, making the normal force (N) equals zero. By summing forces along the vertical direction, with N = 0, yields:
3-D Effect
Based on the shape of the anchor, there are two types: long/continuous (plane strain, 2-D problem) and short (3-D problem). Theories of lateral earth pressures (Rankine, Coulomb, and Log spiral) were developed for 2-D situation. The conditions at the ends of the structure are quite different from those at the center, which have significant influence on the passive resistance. Ovesen (1964) found that the passive earth pressure against short structures is higher than those predicted by conventional theories (Rankine and Coulomb theories), and the difference can be quite significant. Hansen (1966) developed a method for correcting the results of conventional pressure theories for shape (or 3-D) effects. For short anchors, the ultimate resistance should be multiplied by a correction factor (M) to account for 3-D effects. For a plate anchor, M is given as:
where, E = 1 -h/(d+h), F = 1 -(B/S) 2 , and S = center-to-center distance between two anchors.
The above equation considers both the embedment factor (E) and the shape factor (F). The value of E is 0.5 for d = h. The value of F is 0.0 for long/continuous anchor, and is 1.0 for single short anchor.
Capacity of Block Anchor
The ultimate capacity of block anchor (P u ) can be found from the equilibrium of forces acting on the block shown in Figure 1 . By summing forces along the horizontal direction and multiplying the lateral earth pressure (passive and active) by the 3-D correction factor (M) given in Equation (2), yields:
For Coulomb and Log spiral theories, F b = 0 (as N = 0). The allowable capacity of block anchor is P all = P all / FS, where, FS is a factor of safety of 1.2 to 1.5, as suggested by Bowles (1997) .
EXPERIMENTAL INVESTIGATION
Material Characterization
Soil
The sand used in this research was selected to be the fraction of beach sand that passes sieve #30 and is retained in sieve #100. Various tests were made to characterize this sand according to the respective ASTM Standards. The grain size distribution curve of this sand indicated that D 10 , D 30 , and D 60 are 0.18mm, 0.29mm, and 0.38mm, respectively. The coefficient of uniformity (C u ) equals 2.11, and the coefficient of concavity/curvature (C z ) equals 1.23. According to Unified Soil Classification System (USCS), this sand is categorized as poorly-graded clean sand (SP). This sand has a specific gravity (G s ) of 2.679, and maximum and minimum densities of 1889.58 kg/m 3 and 1662.78 kg/m 3 , respectively.
This research used pluviation method to produce uniformly dense, homogenous, isotropic, and reproducible sand deposits in the sand box. The optimum height of fall was found to be 100 cm. This height of fall was subsequently used to fill the box with sand for the pullout tests. The corresponding dry density is 1774 kg/m 3 , i.e. the dry unit weight ( d ) is 17.398 kN/m 3 . This gives a relative density (D r ) of 60.3%; i.e., medium density. Using phase relationships, the void ratio (e) is 0.51, and the saturated unit weight ( sat ) is 20.711 kN/m 3 .
The above dry density was used for permeability and strength tests, as well as for analytical computations. The coefficient of permeability, at that was found to be 0.01476 cm/s (1.476x10 -4 m/sec); i.e., within the range of medium permeability of fine sand. Three sets of drained CD triaxial tests were performed on sand at three different moisture conditions; dry, wet, and saturated. Tests were made at confining pressures ( c ) of 25, 50, 100, and 200 kPa, so low to resemble those at shallow depths. A cycle of unloading and reloading was made for each test. Figure 2 shows typical plots for the deviator stress versus the axial strain for dry, wet, and saturation conditions of sand. The resulted angle of internal friction ( ) is 43.5 o , a little lower than that from the direct shear test. For wet condition, the resulted apparent cohesion is about 17 kN/m 2 , which is attributed to capillarity effects.
To assess the stiffness of the sand at shallow depths; the initial modulus (E 0 ), the secant modulus (E 50 ), and the dilatancy angle ( ) were obtained from the results of triaxial tests at low confining pressure, and tabulated in Table 1 . At a given confining pressure, the moduli are largest at wet condition, and smallest at saturated condition; while the dilatancy angle is largest at dry condition, and smallest at wet condition.
Friction between Soil and Concrete
Maximum friction angle between soil and concrete and between soil and steel were determined using the direct shear apparatus. Concrete or steel specimen having a dimension of 6 cm length, 6 cm width, and 1 cm thickness was placed in lower half of shear box, and sand at density of 1774 kg/m 3 was placed at the upper half. The angle of friction between soil and concrete were found to be 38. 
Cable
Based on theoretical calculation for the predicted load capacity of block anchor, the cable used to pullout the block anchor was decided to be 5 mm diameter twisted steel cable. This cable has a breakout capacity of about 15.7 kN, at a maximum strain of about 3%. Additionally, the load-displacement behavior of the cable was obtained in terms of elongation ( ) of cable vs. load level (P). The length of cable tested was 80 cm, equals to that used for the pullout tests of block anchor. This is essential to correct the displacement of the block anchor for the elongation of the cable. Tests were performed according to ASTM Standard. The maximum applied load to the cable is 3.9 kN (400 kgf), which is more than the maximum load capacity for block anchors predicted from theoretical solutions.
The soil-cable interface friction was tested to determine friction resistance of a cable having the same length as the cable used for pullout tests of the block anchor. The pullout test was performed on the cable using similar apparatus and procedure for block anchor pullout tests. The cable was embedded in the sand box at a depth of 225mm (the same depth of the cable for the block anchor). Measurements indicated that the maximum friction was only 32 N corresponding at a displacement of 0.5 mm. This is only about 2.4 % of the load for block anchor, its effect on the pullout load is neglected.
Model Preparation
A 150X150X150mm concrete block was tested in the laboratory to determine the pullout capacity of a scale model block anchor in sand. For comparison purposes, a 150X150mm steel plate anchor was also tested. During casting of concrete block, a steel cable was connected to reinforcements embedded into the block. The cable was positioned in the location of the pulling load, as estimated by theoretical calculation, z = 80mm.
Tests were made in a box, which is 1200mm long, 800mm wide and 600mm high. The box walls are watertight plexi-glass and are stiffened by steel bracing to sustain soil pressure. At the bottom of the box, a network of perforated ½ in PVC pipes enclosed with geotextile was installed for supply and drainage of water to allow testing at various moisture conditions. The box was filled with sand by pluviation method by an automated sand-laying machine to produce uniformly dense, homogenous, isotropic and reproducible sand; deposited by free-falling dry sand from a height of fall of about 1m. The showering continues in lifts until the bottom 300mm of the box is filled with sand to the desired elevation. The block anchor, with the two pressure transducers attached at bottom and the plate mounted on the top, is placed on the deposited sand at a distance 800mm from the front wall of the sand box (passive side) and in the middle between the two sides of sand box. The cable is stretched to the loading device, hooked at the load cell. Then, sand deposition is resumed until the box is filled with sand.
To reconstitute the model for the next test, the measuring devices were disconnected, the soil was excavated carefully down to 100mm below the bottom of the block anchor, the anchor block is taken, then the model is rebuilt.
For testing at saturation condition, water was gradually supplied to the sand through network of pipes at the bottom of the box, until the water spills from the top of the box. The valve was closed and the sand was kept saturated, for pullout testing of anchor at saturation condition.
For testing at wet/unsaturated condition, the sand is first saturated, then water was drained out through the pipes at the bottom of the box until the water reaches the bottom 100mm. The valve was closed and the pullout testing of anchor was made while the sand is at wet/unsaturated condition. To assess moisture conditions, soil samples were taken from random positions at depths between 15 cm and 30 cm from the surface. The water content (w) was found to be 12.5 %, which corresponds to a degree of saturation of 65.6%.
To measure the vertical pressure at the interface between soil and the bottom of the block anchor, two pressure transducers were used, one at the front-bottom and one at the back-bottom of the block anchor. The pressure transducers have diameter of 5 mm, maximum pressure of 200 psi.
Movements (vertical and horizontal) of the anchor placed inside the soil were monitored by four vertical and two horizontal LVDT's placed at an aluminum plate mounted on the block and extended above the surface. To minimize the earth pressure on this plate, its stem is oriented such that the 4mm thickness faces the direction of pulling.
Pullout Testing
Loading machine is mainly a gear box driven by fractional motor connected to screw-spindle to move backward (pulling motion) at a rate of 0.167 mm/min (1 cm/hour). A load cell was placed between cable and screw-spindle. The load cell is screwed to spindle screw. To connect cable to the load cell, a special high-strength hook was attached to the load cell. A load cell was used measure the pullout load generated by the loading machine. It is a medium range tension having maximum allowable capacity of 500 kgf. At the back of the gear box, a third horizontal LVDT was placed.
Load cell, LVDT's, and pressure transducer were calibrated before being used. Data logger was used to simultaneously record all ten measurements, consisting of one load cell, seven LVDT's (four vertical and three horizontal) and two pressure transducers. After each test, all data recorded were transferred to PC for postprocessing.
Testing involves pulling the anchor until failure. Sets of pullout tests were made on block anchors at dry, wet and saturation conditions of sand. For comparison purposes, a set of pullout tests were made on plate anchors at dry sand condition. During testing, readings of various devices were monitored, and deformations of sand surface were visually observed, mapped (measurement of length, width and height were taken), and photographed. Failure conditions of the soil surface were observed at both the front of the anchor (passive side) and at the back of the anchor (active side).
RESULTS AND DISCUSSIONS
The effect of moisture condition of sand is presented for dry, wet and saturated condition. Figure 3 shows typical the load-displacement relationship for block anchor embedded in sand at dry, wet and saturated conditions. The displacement represents the actual displacement of the block anchor, which was obtained after correcting the measured displacement by the horizontal LVDT at the end of the cable from cable elongation and other connection displacements.
For the dry condition, the values of the ultimate pullout load and the corresponding displacement are 1310 N and 16.71 mm, respectively. For the wet condition, the values of the ultimate pullout load and the corresponding displacement are 2298 N and 28.3 mm, respectively. For the saturated condition, the values of the ultimate pullout load and the corresponding displacement are 705 N and 21.07 mm, respectively. As a comparison, results from testing plate anchor in dry sand give the ultimate pullout load and the corresponding displacement to be 1200 N and 16.54 mm, respectively. It can be seen that the thickness of the block increases the ultimate load increases, due to the fact that the friction at the sides and top of the anchor contribute to the pullout capacity. Figure 4 depicts the variation of the pullout loads versus moisture condition. It shows that the wet condition gives the highest pullout load, approximately 70 % higher than that for dry condition. This is due the increase of the bulk density and the present of apparent cohesion caused by the capillarity force. Saturated condition shows approximately 50 % reduction in pullout load compared to the dry condition, which is due to low effective unit weight.
The values of mobilized for Coulomb theory are 11.2°, 7.7°, and 11.4°for dry, wet, and saturated conditions, respectively, for concrete block. The corresponding values for Log spiral theory are: 10.9°, 7.3°, and 11.0°. For steel plate in dry sand, values of mobilized are 2.2°, and 2.1°for Coulomb and Log spiral theories, respectively.
The correction factor (M) to account for the 3-D effect, equation (2), is given in Table 2 . Figure 5 presents results of the analytical solutions according to equation (3), with F t = 0 (as it was observed that the top soil moves with the block not relative to it).
The vertical displacements measured using four LVDT's indicate uplifting and tilting of the block anchor towards the passive side. Pressure transducers at the bottom of the anchor block indicate uplifting of the block, although the one at the passive side is highly contaminated by the vertical component of the passive pressure. Typical failure conditions of the soil surface are presented in Figure 6 for dry and wet conditions. At the passive side, a bulging area was seen on the soil surface in front of the anchor for every test except for the wet condition. At the active side, an elliptic depression was found at the back of the anchor for dry condition. For saturated condition, a settlement of soil behind the anchor was observed. For wet/unsaturated condition, cracks were observed at both the passive side and the active side, with width varying between 1 and 5mm.
CONCLUSIONS
1. The moisture condition of the soil highly affects the pullout capacity of the block anchor. The wet condition gives the highest pullout capacity value, and the saturated condition gives the lowest. 2. Thickness of anchor contributes to the pullout capacity through friction forces.
This contribution is not so significant as compared to the passive resistance. 3. Pullout capacity of block anchor by Rankine's theory, corrected for the 3-D effect with the frictions contributions, shows close agreement with experimental results. 4. The pressure below the block at the passive side is higher than that at the active side. 5. Vertical displacement indicated that there is an uplifting and tilting of the block 6. Horizontal displacements, needed to develop the maximum pullout capacity, were 16.71, 28.3, and 21.07 mm for dry, wet, and saturated conditions, respectively. 7. Failure manifested itself by a bulged area on the surface of the sand located at the passive side, and by a depression in the active side, for dry condition. For wet condition, cracks appeared at both passive and active sides.
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